The behavior of the two major galactolipids of wheat endosperm, mono-(MGDG) and di-galactosyldiacylglycerol (DGDG) was studied in aqueous dispersion and at the air/liquid interface. The acyl chains of the pure galactolipids and their binary equimolar mixture are in the fluid or liquid expanded phase. SAXS measurements on liquid-crystalline mesophases associated with the electron density reconstructions show that the DGDG adopts a lamellar phase L α with parallel orientation of the headgroups with respect to the plane of the bilayer, whereas MGDG forms an inverse hexagonal phase H II with a specific organization of galactosyl headgroups. The equimolar mixture shows a different behavior from those previously described with formation of an Im3m cubic phase. In comparing monolayers composed of the pure galactolipids and their equimolar mixtures, PM-IRRAS spectra show significant differences in the optical properties and orientation of galactosyl groups with respect to the interface. Furthermore, Raman and FTIR spectroscopies show that the acyl chains of the galactolipid mixture are more ordered compared to those of the pure components. These results suggest strong interactions between MGDG and DGDG galactosyl headgroups and these specific physical properties of galactolipids are discussed in relation to their biological interest in wheat seed.
Introduction
Compartmentalization of cell metabolism and control of the intra-and extracellular exchanges are managed by lipoprotein membranes organized in a bilayer structure. This bilayer arrangement is driven by the unique associative properties of membrane lipids in the aqueous environment. In most animal and prokaryote cells, phospholipids are the most abundant membrane lipids. Glycolipids are present in all membranes as quantitatively minor components, although they play major roles in the function of membranes, especially in rafts [1] . Unlike animal cells, glycolipids are the major lipids of higher plants. These glycolipids concentrate in plastids, especially chloroplasts, as di-galactosyl and mono-galactosyldiacylglycerol, i.e., DGDG and MGDG. These lipids are concentrated in the thylakoid membrane, the internal membrane system of the chloroplast specialized in the energy transduction process. The equilibrium between DGDG and MGDG contents has a significant impact on the function of thylakoid membrane proteins, especially that of the light harvesting complexes of the photosystem [2] . These galactolipids are also involved in the targeting of proteins to and within the chloroplast [3] as in the generation of lipid signaling molecules [4, 5] . Due to the biological importance of galactolipids in photosynthesis, numerous studies have been performed on the physico-chemical properties of these unusual polar lipids. Particularly, the phase behavior of chloroplast galactolipids, i.e., their liquid-crystalline packing properties in aqueous solvent, has been thoroughly investigated. While DGDG forms bilayers, i.e., lamellar liquid-crystalline structures (L α ), MGDG molecules aggregate in inverted rod-like structures of infinite length packed in hexagonal arrays, the socalled hexagonal type-II (H II ) structure [6] . Non-bilayer lipids such as MGDG may serve to drive the formation of lipoprotein stacks in thylakoid membranes [7] . DGDG and MGDG are also present in non-photosynthetic plant organs and are, for example, the major membrane lipids of the amyloplast [8] . While most of the research effort has been expended in understanding the role of galactolipids in the photosynthetic apparatus, few studies have focused on the role of these galactolipids in the plastids of non-photosynthetic plant organs, i.e., seeds, tubers and roots. These plastids play a central role in the synthesis and storage of different products including pigments, starch and lipids, and it could be expected that the lipid composition of their envelopes regulates the storage function. The amyloplast galactolipids differ mainly from the corresponding chloroplast lipids in their fatty acid composition. Thus, while amyloplast galactolipids are rich in linoleic acid, i.e., an octadecadienoic fatty acid, the galactolipids of chloroplast concentrate linolenic acid, i.e., an octadecatrienoic fatty acid. This difference may have an impact on the general shape of galactolipids, a parameter that is closely related to the liquid-crystalline properties of polar lipids [9] . However, preliminary studies have indicated that isolated amyloplast galactolipids have a similar molecular shape to those found in chloroplasts [10] . Finally, the liquid-crystalline properties of MGDG in aqueous solutions resemble those of phosphatidylethanolamine (PE) where unsaturated MGDG and PE form hexagonal H II structures while the corresponding saturated lipids form bilayers [9] .
In addition to the biological role of galactolipids in the diverse biological function of plastids, they are also involved in technological processing of plant products. As an example, galactolipids are involved in the processing of wheat seeds into flour and baked products. They are involved in gas retention in bread dough by forming stable lipoproteins films at the air/water interfaces [11] . They could also play a role in the close packing of the wheat endosperm which defines the hard (compact) and soft (friable) phenotypes of endosperm from hexaploid wheats and, consequently, their milling properties [12] . Particularly, it has been shown that the lipid deposits found between the protein matrix and starch granules of the dry endosperm of a hard wheat are organized in non-bilayer structures, probably inverted hexagonal and inverted cubic phases [13] . Strikingly, there are close relationships between hardness and extractability of polar lipids with apolar solvents. For example, a negative correlation was found for the non-bilayer forming galactolipid, MGDG, while a positive one was observed for DGDG, the lamellar forming galactolipid [14] . It has been also suggested that the extractability of polar lipids could be influenced by their liquidcrystalline state [11] . Furthermore, hardness is also associated with the adsorption of lipids and unusual lipid binding proteins, i.e., puroindolines, onto the surface of starch granules [12, 15] . Puroindolines are capable of insertion into lipid monolayers to form highly aggregated structures [16] . Therefore, the texture of wheat endosperm may be controlled by galactolipids in the liquid-crystalline state, which may depend on particular interactions between galactosyl headgroups.
In regard to the different functions of these unique plant lipids, the associative properties of wheat endosperm MGDG and DGDG have been investigated at air/liquid interfaces and in hydrated liquid-crystalline phases. For this purpose, different complementary physical techniques were employed to investigate the packing properties of wheat galactolipids in monolayers and in hydrated liquid-crystalline phases. In particular, we focused on the physical properties of mixtures of hydrated MGDG and DGDG found in wheat flour.
Materials and methods

Purification of wheat galactolipids
In order to obtain highly pure galactolipids, devoid of residual pigments and traces of silica, a new purification procedure has been developed. These contaminants could impair the interface behavior and especially a good aqueous dispersion of the galactolipids as previously noted [17] . 500 g of a commercial wheat (Triticum aestivum) flour was stirred for 2 h with 1.5 L of dichloromethane-methanol (2:1 v/v). The slurry was filtered through a Buchner funnel and re-extracted with 1.5 L of the dichloromethane-methanol mixture. After evaporation of the solvent, the crude lipid extract was washed by phase partitioning in dichloromethane-methanol-aqueous NaCl 0.9% (8:4:3 v/v) to eliminate non-lipid substances [18] . The lower dichloromethane-rich phase was recovered and the solvent evaporated. The crude wheat flour lipid extract was fractionated by adsorption chromatography on silicic acid (Fluka, Buchs, Switzerland). Non-polar lipids, MGDG and DGDG enriched fractions were eluted with dichloromethane, dichloromethane-acetone (1:1 v/v) and acetone, respectively. Pure DGDG and MGDG were purified at 20°C from the corresponding galactolipid fractions by normal phase high performance liquid chromatography (HPLC) on a column (10 mm × 250 mm) packed with Nucleosil Si 100, 5 μm pore size. The mobile phase was acetone-dichloromethane (70:30 v/v) and acetone-chloroform (1:1 v/v) for the DGDG and MGDG fractions, respectively. The injection volume was 1 mL containing about 30 mg crude lipids and the flow rate was 3 mL/min. Galactolipids were detected by differential refractometry (RID model 133, Gilson, France). Purity of DGDG and MGDG was controlled by thin layer chromatography on silica gel plates using chloroform-methanol-25% ammonia (13:7:1 v/v) for migration. Lipids were revealed under UV light after spraying with an ethanolic solution of rhodamine B. After evaporation of the solvent under vacuum, pure DGDG and MGDG were thoroughly dried under a nitrogen stream, weighed and finally solubilized in CHCl 3 . Concentration of the DGDG and MGDG chloroform solutions were 45.9 mg/mL and 34.7 mg/mL, respectively. Analysis of galactolipid molecular species was carried out by reverse-phase HPLC on a column (7.5 mm × 250 mm) packed with Nucleosil C18 Si 100 5 μm pore size, with a UV detector at 210 nm. The mobile phase was methanol-water-acetonitrile (90.5:7:2.5 v/v/v) at 20°C and at a flow rate of 0.5 mL/min [19] . Four major species were highlighted for MGDG corresponding to C18:2 [20] . The fatty acid composition of DGDG and MGDG was determined by gas-chromatography on a HP-5890 gas chromatograph equipped with a DB5 capillary column (Agilent Technologies, CA, USA) (30 m × 0.32 mm, film thickness 0.25 μm) of the corresponding methyl esters obtained by transesterification of the galactolipids in 14% boron fluoride in methanol. The fatty acid composition permitted the estimation of the mean molecular masses of MGDG and DGDG, i.e., 777 and 935 g/mol, respectively. The chemical structures of MGDG and DGDG are presented in Fig. 1 .
Pressure-area isotherms
A computer-controlled and user-programmable Langmuir trough of 700 cm 2 (Nima Technology, Cambridge, UK) equipped with two movable barriers was used for the pressure-area isotherm recording. The surface pressure was measured with a filter paper held by a Wilhelmy balance connected to a microelectronic feedback system (π = γ 0 − γ, where γ 0 and γ are the surface tension values in the absence and presence of lipids at the air/liquid interface, respectively). Before starting the experiment, the trough was cleaned with chloroform and Millipore water. It was then filled up with 425 mL of the subphase (NaCl 0.1 M) and the air/liquid interface was cleaned of impurities by repeated aspiration and verification of the (π-A) isotherm each time. A good baseline in the π-A isotherms indicated the cleanliness of the interface. The galactolipids (C = 10 − 3 M) in chloroform/methanol (2:1) were spread at the air/ liquid interface using a high precision Hamilton microsyringe. After evaporation of the solvent (10 min), the π-A isotherm of lipid monolayer was measured by compressing the barriers at the rate of 20 cm 2 /min. The temperature was kept constant at 19.0 ± 0.5°C. Each experiment was repeated at least three times.
Ellipsometry
Ellipsometry was performed with a home-made ellipsometer [21] using a He-Ne laser (λ = 632.8 nm, Melles Griot, Carlsbad, CA) polarized with the aid of a Glan-Thompson polarizer (Melles Griot). The incidence angle of the light on the surface was 1°away from the Brewster angle. After reflection on the water surface, the laser light was passed through a λ/4 retardation plate, a GlanThompson analyzer and detected using a photomultiplier tube. Through a computer controlled feedback loop, the analyzer automatically rotated toward the extinction position. In this 'null ellipsometer' configuration [22] , the analyzer angle, multiplied by 2, yielded the value of the ellipsometric angle (Δ), i.e., the phase difference between parallel and perpendicular polarizations of the reflected light. The laser beam probed a surface of 1 mm 2 and a depth of the order of 1 μm. The surface tension was measured with a filter paper held by a Wilhelmy balance. Initial values Δ 0 and γ 0 of the ellipsometric angle and surface tension were recorded on the subphase for 10 min. Ellipsometry measurements were performed at 19.0 ± 0.5°C on a 7 × 10 cm 2 , 60 ml rectangular Teflon Langmuir trough with a computer-controlled barrier (Nima Technology, Cambridge, UK). As mentioned above, lipids were spread at the air/ water interface in a chloroform-methanol solution until the surface pressure became measurable (>0.1 mN/m) and were then equilibrated for 10 min to allow the evaporation of the solvent. The lipid monolayers were compressed at the rate of 2 cm 2 /min and values of Δ and π were recorded every 2 s with a precision of ±0.2°and ±0.1 mN/m, respectively.
Polarization modulation-infrared reflection absorption spectroscopy
The PM-IRRAS spectra of galactolipid monolayers at the air/liquid interface were recorded at 19.0 ± 0.5°C on a Nicolet (Thermo Electron, Madison, WI) 870 FT-IR spectrometer with a spectral resolution of 8 cm − 1 by co-adding 600 scans (corresponding to an acquisition time of 10 min). The film surface pressure was maintained at 35 mN/m during the measurement. The details of the optical setup, the experimental procedure and the two-channel processing of the detected intensity have been already described [23] . The interpretation of PM-IRRAS spectra in terms of molecular orientation relies on a specific surface selection rule which connects the intensity and the sense of the bands (i.e., positive or negative) to the orientation, relative to the interface, of the transition moment [24] .
Atomic force microscopy
AFM imaging of Langmuir-Blodgett films (LB films) was performed in contact mode using a Pico-plus atomic force microscope (Molecular Imaging, Phoenix, AZ) under ambient conditions, using a 10 × 10 μm 2 scanner. Topographic images were acquired in constant force mode using silicon nitride tips on integral cantilevers with a nominal spring constant of 0.06 N/m. Images were obtained from at least two different samples prepared on different days with at least five macroscopically separated areas on each sample. Samples were made by transferring the LB film to freshly cleaved mica plates. To that end, the galactolipid monolayers were prepared as explained in the pressure-area isotherms above and compressed at 15 and 35 mN/m. All lipid layers were deposited at a constant surface pressure by raising vertically (1 mm/min) freshly cleaved mica through the air/liquid interface.
X-ray scattering
For the X-ray scattering experiments, lipid samples (1 mg of lipids hydrated with 200 μL of water) were deposited in glass capillaries of calibrated diameter (1.4 < ∅ < 1.5 mm, Muller, Berlin, Germany) sealed with paraffin. Small-angle X-ray scattering was performed on the high brilliance ID2A beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France) and at station D43 beamline of Laboratoire pour l'Utilisation du Rayonnement Electromagnétique (LURE, Orsay, France). On ID2A [25] , the sample-detector distance applied for the SAXS experiments, was 1.4 m. The X-ray patterns were detected and recorded via a CCD (chip charge-coupled device) camera detector between q = 0.02 to 0.5 Å − 1 . On the D43 beamline, a monochromatic (1.45 Å)
focused X-ray beam selected by a parabolic Ge (111) crystal was used. The beam was defined by a 500-mm collimator. The X-ray diffraction patterns were recorded, at exposure time of 30-50 min, using an image plate (15 × 20 cm 2 ) which was further digitized for analysis [26] . In the same setup, two sample-todetector distances (140 and 268 mm) were used to determine either the supramolecular organization of the lipid/water systems (SAXS) or the chain fluidity (WAXS). On both beamlines, the same sample holder was used. It could accommodate up to seven samples simultaneously and was thermostated by a computer-controlled oven at 20 ± 0.5°C [27] . The diffraction spacing was calibrated using the lamellar peaks of silver behenate (d = 58.380 Å) as standard [28, 29] . All samples exhibited powder diffraction profiles and the scattering intensities were determined by circular integration as a function of the radial wave vector, i.e., q = (4π/λ) × sin(θ) [30] .
Raman spectroscopy
The Raman spectra of galactolipid dispersions in D 2 All spectral manipulations were performed using GRAMS/AI 7.0 (ThermoGalactic, Salem, NH). The spectra were 5 or 9 points smoothed and corrected for a slight fluorescence background using a polynomial baseline.
Fourier transform infrared spectroscopy
The attenuated total reflectance (ATR) spectra were recorded at 20.5 ± 0.5°C using a Magna 760 Fourier transform infrared spectrometer (Thermo-Electron, Madison, WI) equipped with an MCT detector (mercury-cadmium-telluride detector). A motorized rotating ZnSe wire-grid polarizer (Specac, Orpington, UK) was positioned in front of the sample to obtain parallel (p) and perpendicular (s)-polarized spectra without breaking the purge of the spectrometer. The germanium ATR crystal (50 × 20 × 2 mm, 45°parallelogram) was placed in a home-made horizontal ATR accessory. An amount of 0.5 mg of lipids in chloroform/methanol was deposited on the ATR crystal. After solvent evaporation (10 min), lipids were hydrated with 20 μL ultrapure water (Millipore). A metallic cell was put on the top of the sample to avoid water evaporation due to the purge of the spectrometer. A total of 400 scans with a resolution of 4 cm − 1 was sufficient to achieve a high signal-to-noise ratio. The position of the band maxima was determined from the middle of the pick at 90% of their height [31] .
Results
Galactolipid monolayers at air/liquid interfaces
Investigating the properties of galactolipid Langmuir films formed at the air/liquid interface involved coupling of different techniques which provide information on the area occupied by the molecules at the maximum point of compressibility (pressure-area isotherms), monolayer thickness (ellipsometry), orientation and hydration of the polar headgroups (PM-IRRAS) and on the overall organization of the monolayers at low (15 mN/m) and high (35 mN/m) surface pressures (AFM). Fig. 2 shows the (π-A) isotherms of MGDG, DGDG and MGDG/DGDG (1/1 molar ratio) monolayers spread on the subphase at 19.0 ± 0.5°C. All pressure-area isotherms display a regular increase, with neither shoulder nor inflexion point, of the surface pressure until the collapse is reached. This indicates the presence of a single, homogeneous liquid-expanded (LE) phase in agreement with the high degree of double bonds in the acyl chains that limits molecular packing [32] . This expanded monolayer behavior was described in a study of chloroplast lipids where the insaturation number was controlled [33] or in phospholipid monolayers [34] . The collapse pressures are close to 46 mN/m for MGDG and DGDG, and 47 mN/m for mixed monolayer as observed previously for the corresponding galactolipids of barley leaves [35] . These high values indicate a good purity of lipids as emphasized by Tancrede et al. [36] . As shown in Fig. 2 , DGDG occupies a lower mean molecular area than MGDG or the equimolar mixture at all surface pressures. The minimal mean molecular area determined at the intercept between the tangent to the collapse plateau and the tangent to the end of the pressure-area isotherm is 64 Å 2 /molecule for DGDG, 82 Å 2 /molecule for MGDG and 70 Å 2 /molecule for the equimolar mixture. Although DGDG possesses two galactosyl headgroups and MGDG only one, its minimal area at the interface is smaller than that of MGDG, as previously observed by Gallant and Leblanc [35] . Two factors could usually affect the minimal mean molecular area, the presence of double bonds on the acyl chains and the interactions between headgroups. There are significant differences between the acyl chain compositions of MGDG and DGDG and especially concerning the saturated fatty acid C16:0. DGDG contains 10% of C16:0 against 2.5% for MGDG. Thus, the lower mean molecular area of DGDG could be in part attributed to this variation. Nevertheless, the effect of the galactosyl headgroups, in particular the orientation of these, cannot be excluded. First, because the saturated chain C16:0 is always associated with an unsaturated one. Furthermore, the increase of the number of sugar residues in the polar headgroup of glycolipids does not lead necessarily to an increase of the molecular area, and can even sometimes result in a decrease of the molecular area, as observed by Tamada et al. [37] . Fig. 3 shows the effect of the molecular area on the ellipsometric angle (Δ) for the monolayers formed by MGDG, DGDG and their equimolar mixture. The standard deviation for ellipsometric data is ± 0.07°for DGDG, ± 0.04°for MGDG and ± 0.14°for mixed film. Each monolayer was compressed until the collapse pressure where structures appeared that are no longer representative of a monolayer behavior. At the initial molecular area, the ellipsometric angle Δ is nearly the same for all galactolipid monolayers. Below 120 Å 2 /molecule, the ellipsometric angle Δ becomes higher for DGDG than for MGDG and as for the pressure-area isotherms, no plateau is observed. The final ellipsometric angles are 9.85°for DGDG, 9.04°for the mixture and 8.10°for MGDG. At the point of maximal compressibility, i.e., beginning of the collapse, the difference is at least 1.64°between MGDG and DGDG ellipsometric angles. According to De Feijter et al. [38] , Δ is sensitive to variations of the refractive index and the thickness of the monolayer. Considering that there is a majority of C18:2 in the mixtures of acyl chains of MGDG and DGDG, the refractive indices and the thicknesses of the fluid hydrophobic parts should be extremely close. Thus, the ellipsometric angles should vary similarly during the compression as observed by Ducharme et al. [39] . Nevertheless, the slopes between the curves of both MGDG and DGDG are clearly different (Fig. 3) . This demonstrates the necessity to consider the contribution of headgroups, as indicated by Tamada et al. [37] . In our case, the differences observed for MGDG and DGDG should be attributed either to different refractive index or to different thickness of the polar parts. The nature of the headgroups is identical (galactosyl) and the variation of refractive index between one and two galactosyl groups cannot justify the great difference observed between MGDG and DGDG (1.64°for the collapse pressure). Moreover, at high mean molecular area (130 Å 2 /molecule) the ellipsometric angles are similar for both galactolipids. Therefore, the variations of Δ should be essentially affected by the variations of the thickness of the film. According to these results, the thickness of the DGDG film should be greater than that of the MGDG film, whereas an intermediate thickness is displayed for the mixture. . The spectra show some differences for the sharp band assigned to the C_O stretching vibration. Actually, a shift to lower wavenumbers is detected between MGDG (1736 cm − 1 ), DGDG (1734 cm − 1 ) and the equimolar mixture (1729 cm − 1 ). The broad dip located around 1665 cm − 1 present in the MGDG and DGDG spectra is an optical effect specific to the IRRAS technique and is due to the strong dispersion of the refractive index of liquid water in the spectral range of the bending mode. For the equimolar mixture, the spectrum in this region is markedly different from those of the pure lipids with disappearance of the dip and the appearance of a positive band at 1670 cm − 1 and of a negative one at 1545 cm − 1 . This phenomenon means that the interfacial water molecules are strongly perturbed in the case of the equimolar mixture. The band at 1464 cm − 1 is assigned to the bending mode of the methylene of the acyl chains of the lipids. Finally, significant changes are also observed in the 1100-1000 cm − 1 range corresponding to the stretching vibration of the C-O-C bonds of the galactosyl groups. For the MGDG monolayer, a positive band centered at 1068 cm − 1 is observed that is absent for the DGDG one, although a very small contribution appears at 1035 cm − 1 . For the equimolar mixture, a broader and less intense band appears at 1045 cm − 1 that could apparently be decomposed in two bands centered at 1068 cm − 1 , as observed for MGDG alone, and at 1035 cm − 1 with equivalent intensity. Applying the selection rules at the air/liquid interface established by Blaudez et al. [24] , we have determined the orientation of the galactosyl headgroups. Actually, the positive C-O-C band for MGDG corresponds to a parallel orientation of the mono-galactosyl groups with respect to the interface whereas the absence of this C-O-C band for DGDG is characteristic of an average tilt angle of 40°of the di-galactosyl groups with respect to the normal to the interface. For the equimolar mixture, the band at 1035 cm − 1 could be due to the digalactosyl headgroups of DGDG while the band at 1068 cm − 1 could be due to MGDG. This hypothesis is supported by the fact that the intensity of the MGDG band in the mixture is two times lower due to the dilution effect in the galactolipid equimolar mixture. This suggests that, in the mixture, the monogalactosyl headgroup of MGDG forces the digalactosyl group to adopt an orientation that is more parallel to the interface.
Pressure-area isotherms
Ellipsometry
PM-IRRAS
Atomic force microscopy
The LB films of pure MGDG, DGDG and equimolar mixture were examined by AFM at 15 and 35 mN/m (Fig. 5) . All films are homogeneous at 15 mN/m with no visible phase separation or segregation. No change is observed for DGDG LB films when increasing the surface pressure up to 35 mN/m, while a segregation is observed for MGDG and the equimolar mixture. As seen in Fig. 6 , these segregated structures are better resolved when a small area is scanned. In the case of MGDG, interconnected protrusions cover the surface, whereas small isolated patches are observed for the mixed film. Also, the horizontal cross-sections (Fig. 6 ) have permitted the estimation of the height of the observed structures which are close to 7 Å for MGDG and 4 Å for the mixture. The shape of MGDG structures was irregular, whereas mixed films formed round domains with a diameter of approximately 100 nm.
Galactolipid liquid-crystalline mesophases
The phase behavior, i.e., the liquid-crystalline organization of galactolipid dispersions in water, was investigated by smallangle X-ray scattering. In the case of the pure MGDG and DGDG, the electron density was reconstructed giving crucial information on the molecular packing of the galactosyl head- 
X-ray scattering
The three-dimensional structures of MGDG, DGDG and their equimolar mixture in excess water were determined by analysis of the X-ray diffraction patterns at 20°C. Two regions were used to identify the lipid phases. The small-angle region provides structural information on the phase symmetry and long-range organization (cubic, hexagonal or lamellar phases), whereas the wide-angle region provides information on the hydrocarbon chain packing (fluid or gel phases). For all samples, the presence of a diffuse signal in the wide-angle region (for q ∼ 1.4 Å − 1 , data not shown) indicates that the hydrocarbon chains are undergoing rapid motion typical of fluid phase. Table 1 . The lamellar spacing of 54.9 Å is consistent with that obtained by Shipley et al. [40] for DGDG purified from Pelargonium leaves (54.0 Å) and by Sen et al. [41] for DGDG extracted from bean leaves (55.3 Å). To obtain more molecular information on the headgroup conformation, the electron density perpendicular to the bilayer surface was reconstructed.
Lamellar phase of the DGDG/water system
The electron density profile was calculated from measured intensities of the reflections in diffraction pattern and using the phase combination [26, 42] . The electron density variations are related to the Bragg peak intensities by
with, after Lorentz polarization corrections at small angles,
where F n obs is the structure factor, q n the positions of the Bragg reflections and A n the area of the Bragg reflection. , the trace is scale-expended to make visible the higher order of Bragg peaks. C: equimolar mixture/water system, the indexation (hkl) is also shown. Due to the centrosymmetry of the lamellar structure, the phase of F n obs , is restricted to be either 0 or π, and consequently F obs n ¼ Fqn Â ffiffiffiffiffiffi ffi A n : p As a result, to determine the electron density profile, the sign of each F n obs has to be determined. It is worthy to note that the x = x + d lam /2 translated solution only changes the sign of the F n obs for even n because:
Therefore, observation of n Bragg reflections gives 2 n available electron density variations. As there is an identical translated solution in the case of each electron density, there are only 2 n−1 non-equivalent solutions. Four peaks were observed on the diffraction profile of DGDG leading to 8 possible solutions. Simple molecular assumptions on the electron density profile in the bilayer [43] allowed us to exclude false solutions. These criteria were: (1) the galactosyl headgroup must have the highest electron density, (2) the electron density must be constant along the acyl chain, and (3) the minimum corresponding to the terminal methyl must be narrow. F obs values with the corresponding sign are listed in Table 1 for the only solution respecting these three criteria, and the corresponding electron density is shown in Fig. 8 . The first minimum (x = 0 Å) corresponds to the terminal methyl group. The electron density is constant along the hydrocarbon chain up to a maximum attributed to the polar headgroup (x = 18.8 Å). After this point, the electron density decreases up to a minimum (x = 27.5 Å) attributed to the center of the water layer; then, the profile becomes symmetric. This profile looks like that described by McDaniel for DGDG extracted from Briza humilis seeds using neutron diffraction [44] . In accordance with this profile, the length of the acyl chains is estimated to be 15 Å meaning that the thickness of the hydrophobic core is 30 Å. Furthermore, a headgroup length of about 18 Å was estimated for a DGDG molecule using the CPK atomic model taking into account the two linked galactosyl rings and the glycerol part. According to the density profile, the thickness of a headgroup is estimated to be 8 Å. Thus, it is clear that the headgroups are not completely extended but oriented parallel to the plane of the bilayers, as indicated in Fig. 8 . Table 2 . Two kinds of hexagonal structures are generally described. The direct hexagonal H I structures are lipid rods, where acyl chains form the hydrophobic core, stacked up to form a hexagonal pattern. On the contrary, the inverse hexagonal phase H II is characterized by hexagonal stacking of water cylinders covered by polar headgroups and acyl chains directed outside. Usually the hexagonal phase H I should not exist in the presence of excess water. Actually, as water is added in the system, the H I structure swells up to be in equilibrium with micellar structures.
Hexagonal phase of the MGDG/water system
In our case, neither the lattice parameter variation nor the presence of micelles was detected whatever beam position. c F obs is the structure factor calculated from Eq. (2) and normalized using the value of the first peak; the chosen phase of F obs (+ or −) is deduced from the criteria described in the text. c F obs is the structure factor calculated from Eq. (2) and normalized using the value of the first peak; the chosen phase of F obs (+ or −) is deduced from the criteria described in the text.
Therefore, the structure of hydrated MGDG mesophase corresponds to the inverse hexagonal phase H II . This result is in good agreement with previous data [40] . From the d hex parameter, and taking into account the headgroup size of 9 Å (CPK atomic model: one galactosyl ring and the glycerol part) and the chain length of 18 Å (octadecane chain in fluid phase), the estimated diameter of the water channel should be rather important, i.e., around 13.2 Å. To obtain more precise information on the molecular organization the electron density was reconstructed.
The radial electron density was reconstructed perpendicularly to the water channel applying the following formula [45] on the observed diffraction peaks: q el r ð Þ~X n¼1;3;4;7;9;12
where, F n is the structural factor of the q n peaks, J 0 is the 0 order of the Bessel function, r is the distance from the center of the water channel, d is the lattice parameter of the hexagonal structure, and n is equal to h 2 + hk + k 2 . As in the case of the lamellar phase, the electron density is reconstructed using a specific choice of phase combinations. With 6 peaks in the diffraction pattern, 2 6 such solutions exist. To eliminate false solutions, some criteria were used. Considering the fact that the electron density of the sugar headgroup is higher than that of the water and since the value for the water is higher than that of the corresponding acyl chains, three levels appear. The origin of the graph is the center of the water channel (intermediate density). Then, the electron density presents a maximum (headgroup) followed by a significant and slow decrease along the acyl chains up to the methyl group. Fig. 9 shows the only solution that satisfies these criteria. Considering a chain length of 18 Å (compared with DOPC chains in fluid phase) and a mono-galactosyl headgroup of 9 Å, and knowing the radius of the cylinder (33.6 Å), the center of mass of sugar headgroups should be located at 11.1 Å (point C theo ). Nevertheless, the electron density shows the gravity center of MGDG headgroups (point C exp ) at 9.3 Å. This should indicate the existence of a roughness due to the fact that the headgroups are not in the same level (Fig. 9) . This roughness can be evaluated as: 2 × (C theo − C exp ) = 3.6 Å. Finally, the water core is smaller than previously assumed which suggests a poorly hydrated structure. Table 3 . At this stage, three space groups are possible: Im3m, Ia3d and Pn3m. Nevertheless, the observation of the (110) plane eliminates the Ia3d space group. As specified in Table 3 , the systematic absence of odd (h + k + l) peaks supports the hypothesis of a centered lattice typical of the Im3m space group (Q 229 ). This phase should be described like an orthogonal network of water channels connected six-by-six and separated by lipid bilayers [46] . The cubic phase formation is usually expected to occur between lamellar and hexagonal phases for a pure single lipid component or mixed lipid hydrated systems [47] . Furthermore, a theoretical analysis has shown that the cubic phase has a smaller amount of frustration than these two phases [48] . It is generally difficult to obtain molecular information by reconstruction of the electron density but the existence of epitaxial relationships between specific planes of hexagonal and cubic phases is useful to extract molecular packing by similarity to related hexagonal phase [49] . The ratio between parameters of hexagonal and lamellar phases is 2/ ffiffi ffi 3 p and between cubic and lamellar phases is 2/ ffiffiffiffiffi 16 p [50] . Then, between the hexagonal and cubic phase the quotient is equal to 1/2 ffiffi ffi 3 p . In our case, applying this rule, the diameter of the lipid cylinder surrounding the water channel should be 58.3 Å (d cub /2 ffiffi ffi 3 p ). This diameter calculated for a DGDG/MGDG mixture in hexagonal phase is smaller than for the pure MGDG (d hex = 67.2 Å). This result is quite surprising because the addition of DGDG molecules with larger headgroups decreases the hexagonal lattice parameter. This result demonstrates a specific behavior of the equimolar mixture which is not directly related to the behavior to be expected from pure lipids. (Fig. 10B) . The symmetric and antisymmetric C-H stretching vibrations of methylene appear at 2856 and 2899 cm − 1 , respectively. The shoulder at 2932 cm − 1 is assigned to the Fermi resonance of the methyl symmetric stretching vibration while the peak around 2959 cm − 1 is due to the asymmetric stretching vibration of this same group. Finally, the band due to the C-H stretching vibration of CH_CH bonds is observed at 3011 cm − 1 . The positions of these bands (in wavenumbers) in the Raman spectra of MGDG and DGDG are compared in Table 4 to those obtained for DMPC and DOPC bilayers in an aqueous environment [51] . As can be seen in Fig.  10B , spectral differences are clearly observed for the equimolar mixture compared to the pure galactolipids. The band due to the methylene symmetric stretching vibration of the mixture is shifted to lower wavenumbers (2853 cm − 1 ) while the band due to the antisymmetric stretching vibration appears at higher wavenumbers (2905 cm − 1 ). It has been shown that the I 2900 / I 285O intensity ratio (R 2 ) is a highly sensitive probe of the intermolecular vibrational coupling and consequently of the lateral packing of the acyl chains; it is also sensitive to the acyl chain dynamics [52, 53] . On the other hand, the I 2930 /I 2900 ratio (R 1 ) provides a measure of the overall disorder of the lipid acyl chain matrix and in particular the conformational order [54, 55] . The R 1 and R 2 ratios calculated for the three lipid systems are reported in Table 5 . Both intensity ratios clearly show that the acyl chains are more ordered in the lipid mixture compared to n.o. = not observed. a n = h 2 + k 2 + l 2 . b q obs and q n are respectively the observed and calculated (q n ¼ 2p ffiffiffiffiffiffiffiffiffiffiffiffi ffi n=d cub p , with the cubic periodicity d cub equal to 202 Å,) positions of the (hkl) smallangle reflections.
Bicontinuous cubic phase of the MGDG/DGDG/water system
Raman and FTIR measurements
c These columns indicate which peaks are observed (+) or absent (abs) in each possible space group. the pure lipids. Furthermore, as seen in Table 5 , this finding is supported by the position of the band due to the antisymmetric C-H stretching vibration in the infrared spectrum (spectra not shown), which appears at lower wavenumbers for the equimolar mixture. Finally, the order parameter S z of the transition moment [56] of the band due to symmetric C-H stretching vibration calculated from the polarized ATR spectra (data not shown) for hydrated MGDG, DGDG and equimolar mixture indicates a better alignment of the C-H bonds parallel to the ATR crystal for the equimolar galactolipid mixture.
Discussion
During the last step of seed development, a programmed dehydration process occurs that damages the integrity of the endosperm cell membranes. This apoptotic programmed endevent for the endosperm of wheat seeds leads to the accumulation of membrane remnants between the protein matrix and the starch granules. These remnants come from the membranes of protein bodies -vacuoles and amyloplasts [13] . In the dry seed, these membrane lipid remnants are organized in hexagonal, cubic and lamellar phases [13] . This phase behavior of membranes in dry wheat seeds is probably related to the phase behavior of their individual lipid components. MGDG and DGDG are the major lipids of amyloplast membranes and are also the major polar lipids of wheat endosperm. It is known that galactolipids purified from thylakoids form hexagonal (MGDG) and lamellar (DGDG) phases [40] . However, the novelty of this work lies in the fact that we have studied the phase behavior of galactolipids from amyloplast membranes and especially their binary mixture, which is close to that found in the natural system. While amyloplast galactolipids are rich in linoleic acid, i.e., C18:2, the galactolipids of thylakoid concentrate linolenic acid, i.e., C18:3. In order to highlight the influence of the aliphatic chains and of the mono-or di-galactosyl headgroups on the organization properties, our approach was to associate techniques dedicated to the study of the liquid-crystalline mesophases and others specifically investigating the nature of the selfassembly process in two dimensions.
For both MGDG and DGDG, the dilinoleyl lipid is the main molecular species (C18:2/C18:2). The presence of several double bonds in the acyl chains of polar lipids is known to prevent the formation of ordered phases as we observed with the wheat galactolipids. In fact, the results of the experiments performed on lipid monolayers at the air/liquid interface or in liquid-crystalline phase show a behavior typical of lipids in fluid phase. Surface-pressure isotherms of the monomolecular films are characteristic of liquid expanded phases with no shoulder or inflexion point (Fig. 2) , whereas X-ray measurements in excess water show the presence of a diffuse signal in the wide-angle region. Additional information obtained from Raman and FTIR measurements confirms this behavior (Fig. 10, Tables 4 and 5) . Actually, it is well known that the infrared bands due to the methylene stretching vibrations are sensitive to the physical state of the lipid and shift towards higher wavenumbers as the acyl chains become increasingly disordered. As shown in Table  4 , the acyl chain disorder is higher for POPC than that of DMPC, in agreement with the presence of a double bond in the POPC acyl chains [51] . The fact that the wavenumber position of the band originating from the antisymmetric C-H stretching mode is quite high indicates that the acyl chains of MGDG and DGDG are highly disordered. In accordance with the values of the Raman intensity ratios R 1 = I 2930 /I 2900 and R 2 = I 2900 /I 2850 , the acyl chains show a similar high degree of disorder for both MGDG and DGDG. The lateral cohesion of these chains increases from MGDG to DGDG and to the mixture. It can be assumed that the chain-chain coupling is stronger for DGDG than for MGDG in agreement with the difference of the mesophases formed in water, i.e., lamellar and inverse hexagonal phase, respectively. Nevertheless, the equimolar mixture appears to be more ordered with the stronger interchain coupling. The order parameter S z obtained by ATR spectroscopy further confirms this result. The more negative value obtained for the mixture shows that the methylene groups are more parallel to the plane of the ATR crystal and, thus, the acyl chains are more vertical in accordance with a more ordered phase. Finally, the vibrational spectroscopy results converge towards little order for the phases adopted by pure MGDG or DGDG while more order is displayed in the phase adopted by the equimolar mixture of the two galactolipids. Because the lipid chains are highly disordered in monolayers or liquidcrystalline mesophases, the specific organization of galactolipids, especially for the mixture, should be due to the galactosyl headgroup interactions.
From our results and the abundant literature available on the interactions between oligosaccharides [57] [58] [59] [60] , the headgroup organization in monolayers and liquid-crystalline phases can be described and offers a better understanding of these interactions. In the lamellar phase determined for DGDG in excess water, the 54.9 Å bilayer thickness is close to the higher value found by Shipley et al. [40] for the corresponding Pelargonium galactolipid where the thickness of the bilayer varied from 44.8 to 54.0 Å (at 20°C) for an increasing hydration level. This value is also quite comparable with that of 55.3 Å obtained by Sen et al. for DGDG extracted from bean leaves [41] . The reconstruction of the electron density (Fig. 8) was useful and has shown that the di-galactosyl headgroups are oriented parallel to the plane of the bilayer as observed by McDaniel [44] . We can then conclude that the decrease in the number of double bonds between DGDG extracted from leaves (C18:3) and seeds (C18:2) does not change the organization [61] . In monomolecular film the PM-IRRAS data (Fig. 4) have shown Table 5 Values of the intensity ratios R 1 = I 2930 /I 2900 and R 2 = I 2900 /I 2850 calculated from Raman spectra of MGDG, DGDG and equimolar mixture and corresponding values obtained from polarized ATR infrared spectra of the wavenumber position of the infrared band due to the antisymmetric CH stretching mode and of the order parameter S z calculated for the symmetric CH stretching mode that the di-galactosyl groups are oriented at 40°with respect to the normal to the interface. Thus, this observation underscores the ability of the DGDG headgroups to adopt a different orientation under the effect of the lateral compression. This organization of the headgroups adopted in monolayer as well as a greater proportion of saturated chains C16:0 compared to MGDG could explain that a lower mean molecular area is reached in the DGDG film (Fig. 2) which seems relatively thick compared to the other molecules (Fig. 3) . Concerning the MGDG inverse hexagonal phase, the obtained lattice parameter of 67.2 Å is clearly larger than values obtained in the work of Shipley et al. [40] . They found that distance between cylinder axes in the MGDG H II phase (at 20°C) varied from 52.5 to 60.5 Å for a dry and fully hydrated sample respectively, whereas the hydrated cylinder diameters changed from 17.4 to 29.8 Å. Our reconstruction of the electron density (Fig. 9) showed a specific behavior of mono-galactosyl headgroups. In fact, the MGDG headgroups are shifted on both sides from the experimental point C exp . This shift between neighboring headgroups could be directly related to the AFM observations. The MGDG film displayed a roughness at 35 mN/m (Fig. 5 ) composed by protrusions that actually appeared from 25 mN/m (data not shown). Usually, this kind of observation is induced by either heterogeneity of the packing of the acyl chains or by the headgroup organization [34] . The first possibility can be excluded because both galactolipids are in fluid phase and in the case of DGDG, the images at 35 mN/m have shown uniform films although the chains were compressed to lower mean molecular area than MGDG. Therefore, the structures observed at 35 mN/m for MGDG should be due to an effect of galactosyl headgroups. According to the lateral size of the protrusions observed by AFM, the segregation concerns several molecules forming a labyrinth pattern whose lower width is around 50 nm. The difference in height between the background and the higher level is around 7 Å (Fig. 6) . Increasing the surface pressure, the MGDG behavior in two dimensions seems to reveal a net tendency to the headgroup shifting and it may correspond to the beginning of the film curvature [62] . In addition to this topographic information, the orientation of oligosaccharide headgroups was estimated using PM-IRRAS spectra (Fig. 4) , and we have deduced that the mono-galactosyl groups were oriented parallel to the interface. This conclusion is consistent with the large mean molecular area in the monomolecular film (Fig. 2) and also with the ellipsometric data that show a thinner film than other galactolipids (Fig. 3) . At this stage, it is clear that the addition of only one galactosyl group in the polar head totally modifies the organization of the molecules in monolayers and in liquid-crystalline mesophases as well.
Regarding the equimolar mixture, previous studies on galactolipids have shown that Ia3d and Pn3m space groups are frequently observed and are correlated with the hydration level of the mesophase, i.e., low for Ia3d and high for Pn3m [63] . For example, the phase diagram of thylakoid membrane galactolipids exhibits a bicontinuous cubic phase which belongs to the Ia3d space group [6, 64] . However, the structure of the phase formed by mixtures of the galactolipids MGDG and DGDG purified from the wheat seed has never been described. Our X-ray measurements for the equimolar mixture revealed a bicontinuous cubic phase which belongs to the Im3m space group. The lattice parameter is 202 Å. This space group was observed for synthetic β-D-galactosyl diacylglycerol with saturated acyl chains of 14 and 16 carbons [65] . By increasing the temperature, these systems first adopt a fluid lamellar phase then a first cubic phase Pn3m followed by an Im3m phase and finally by a H II phase. This combination of cubic phases was also observed with shorter chain dialkyl PEs [62, 66] but the lattice parameters were smaller than those of wheat galactolipids. For longer acyl chains (C18), these authors have shown that the transition goes directly from the L α phase to the H II phase. With similar chain length but with glucosyl headgroups, Turner et al. have shown the coexistence of Ia3d and Pn3m structures [67] . The presence of the Im3m space group could reveal specific interactions between headgroups of the molecules in the equimolar mixture of wheat MGDG and DGDG and in particular between galactosyl groups. This stabilization of the Im3m space group attributed to the strong interactions between galactosyl headgroups could lead to a slight decrease of the chain fluidity relative to the pure galactolipid phases as observed in the spectroscopic data mentioned above. This specific behavior in liquid-crystalline mesophase is also observed in monolayers using AFM. Actually, disconnected patches were observed with a height of 4 Å, which is smaller than the protrusions of 7 Å present in the MGDG LB film (Fig. 6 ). It is difficult to assign these domains to DGDG or MGDG. Nevertheless, the difference of topography could be related to changes of headgroup orientation induced by the interactions between both galactolipids. The PM-IRRAS spectra reveal these modifications (Fig. 4) . We have deduced that, in the equimolar mixture, the monogalactosyl group of MGDG forces the digalactosyl group to adopt an orientation that is more parallel to the interface. The different orientations adopted by the galactosyl groups could be modulated by the hydrogen-bond network formed between headgroups and water molecules. This is supported by variations in the intensity and frequency of the water band on the PM-IRRAS spectra (around 1665 cm − 1 ) which is sensitive to variations in the optical properties and orientation of the interfacial water molecules. Whereas small differences are observed between MGDG and DGDG relating to the minimum attributed to water, a strong effect appeared for the equimolar mixture. Changes in the hydration are also highlighted for the C_O band on the PM-IRRAS spectra which is shifted to lower wavenumbers from MGDG (1736 cm − 1 ) to DGDG (1734 cm − 1 ) and to the equimolar MGDG/DGDG mixture (1729 cm − 1 ). Such a shift is generally related to hydrogen bonding of the carbonyl group with water molecules as shown for DMPC monolayer where the C_O band moved from 1737 to 1728 cm − 1 as surface pressure decreased from 34 to 0.1 mN/m [68] . Moreover, it has been also shown for phospholipids in solution that the C_O band appears at 1740 cm − 1 for free C_O groups, whereas it appears at 1726 cm − 1 for hydrated C_O which form hydrogen bonds with water molecules [69, 70] . In addition, a recent study has shown the formation of hydrogen bonds between the carbonyl groups of phosphatidylcholine and sugar molecules [71] . In our case, the position of the C_O band should be sensitive to both the hydration of the carbonyl groups and the formation of hydrogen bonds between these groups and the galactosyl residues of the lipid headgroups. The fact that the lowest wavenumber position for the C_O band is obtained for the galactolipid mixture at 35 mN/m indicates that the galactolipid mixture displays higher hydration than the corresponding pure components even at high surface pressure. This higher hydration of the galactolipid mixture is also confirmed in the liquid-crystalline mesophase on the Raman spectra by the stronger intensity of the broad D 2 0 band between 2000 and 2800 cm − 1 compared to the lipid bands between 2800 and 3050 cm − 1 (Fig. 10) . Finally, the low value of the C_O band for the equimolar mixture (1729 cm − 1 ) compared to the pure lipid suggests stronger hydrogen bonds between carbonyl groups and galactosyl residues. This could be explained by the reorientation of the polar headgroups observed in the mixture.
The results obtained in monolayers and in liquid-crystalline mesophases highlight specific galactosyl headgroup interactions in MGDG, DGDG and especially in the equimolar mixture. As outlined above, previous freeze-fracture studies on dry wheat seeds have permitted the observation of several types of lipid mesophases between the protein matrix and the starch granules. Lamellar, hexagonal and cubic phases were found around starch granules where the galactolipids are concentrated. In wheat endosperm, membrane lipids are composed by phospholipids and galactolipids. Most of the phospholipids are associated with the membranes of protein bodies and vacuoles and are characterized by a high level of N-acylphosphatidylethanolamines [72] . These lipids as MGDG form hexagonal phases in water [73] . During the programmed dehydration of endosperm in the last step of seed development, a lateral segregation of these non-lamellar lipids should occur, leading to the formation of non-lamellar phases between the protein matrix and starch granules. Such dehydration-induced transitions of the lamellar to hexagonal phases have been already observed in natural biomembranes [74, 75] . The proportion between non-lamellar and lamellar lipids in endosperm membranes may control their phase behavior during dehydration of wheat seeds. This polymorphism may also be controlled by the kinetics of endosperm dehydration during the last step of seed development. Especially, the polymorphism of the lipids located at the interface between the starch granules and the protein matrix of the dried endosperm may control the extent of the packing of endosperm macromolecular compounds, i.e., storage proteins and starch. This packing determines the endosperm texture of wheat seeds, i.e., the allelic soft-hard variation of endosperm texture, an important physical characteristic that determines wheat milling properties and end-uses [12] . The unique behavior of MGDG and DGDG and especially of their mixture is probably important since close relationships between hexane-extractable galactolipids and wheat hardness have been highlighted [76] . The hexane extractability of polar lipids of wheat endosperm flour is probably related to the mesophase adopted by these lipids [11] . Finally, this polymorphism may also control the partition of puroindolines, a major lipid binding protein from wheat endosperm, onto the surface of starch granules, a phenomenon that discriminates hard and soft wheats [12, 15] . The data obtained here open new perspectives to explore the relationships between endosperm texture and the phase behavior of polar lipids at the interface of the starch-protein matrix of wheat as other plant seeds.
